A stepwise polymerization enables production of triple-layer films consisting of 
Introduction
-Conjugated polymers have been paid attention as promising organic electronic materials. Recently, new synthesis methods for production of functional conjugated polymers, carbon nanotube/polyaniline composite films, 1 single-wall carbon nanotubes-polythiophene hybrids, 2 copolymers as a n-type materials, 3 template polymerization with a block copolymer, 4 nanocoatings, 5 and polyaniline on stainless steel, 6 have been developed.
Multi-layered -conjugated polymer films have been developed for highperformance actuators, 7 polyelectrolyte multi-layers, 8 multi-layer film electrodes, 9 laminate devices, 10 nanometric multi-layered films, 11 multi-layer polymer stacking, 12 and layer-by-layer electrodeposition. 13 The fabrication of multi-layered structure further expands useful possibilities by providing new functionality for polymer materials.
However, preparation of multi-layer structure from one kind of material with differing molecular orientations in each layer has yet to be synthesized.
Certain types of living organisms, such as bees, Morpho butterflies, 14 and birds, 15 show rainbow colors in reflected light. For example, the mountain butterfly (Papilio ulysses) with brilliant blue color derived from photonic structure. External skeletons of golden beetles have laminated structure, constructed from multiple layers with liquid crystal (LC) ordering. 16 Specifically, such photonic insects employ cholesteric LC order to form laminated structures in the cuticle. The laminated structure may be grown by using a temperature-induced phase transition of liquid crystal in the growth process of the exoskeleton. For example, the proteins of exoskeleton are produced at night in the LC temperature range to yield a cuticle layer with LC order, while the exoskeleton grown under sunlight consists of a cuticle layer that does not possess LC order in the isotropic temperature range. 17 This repeated daytime/nighttime process may provide multi-layers consisting of repeated [cholesteric LC order][non LC order] structures. Generally, LC materials consist of rigid rod-like molecules. These molecules form mesophase (LC phase) with the order due to the rod-like structure and the disorder due to the flexible chain in the mesogenic structure. LCs can be considered as crystals with fluidity. However, the order of liquid crystals is not completely rigid as in true crystals.
External force can deform LCs easily. However the LC order is restored after release of the external force. In other words, LCs can be tolerant to temporary external force with the capacity to restore previous order. Liquid crystals display certain optical textures under observation of polarized optical microscopy (POM). The specific optical structure depends on LC phase (eg., nematic LC shows Schlieren texture and thread-like texture;
cholesteric LC exhibits fingerprint texture and Grandjean texture) without regard to molecular version. LC phases can be maintained even after addition of small amounts of non-LC molecules as contaminations. This property allows application of LCs as chemical reaction solvents.
In previous studies, we have developed an electrochemical method based on cholesteric LC to prepare optically active polymer films from non-optically active monomers. 18 This method allows preparation of chiroptically active thin films with cholesteric LC order. In the present study, electrochemical polymerization in LC is performed for the preparation of semiconducting polymer films with the lamellar structure of LC order.
Nematic is an achiral LC phase. The directors (local direction of LC molecules) of nematic LC orient along one direction. Cholesteric LC is a chiral LC phase in which the director (temporal and spatial average of the long molecular axis) is continuously twisted about a helical axis oriented perpendicular to the long axis of the molecule.
Directors of cholesteric LC form helical structure. Cholesteric LC has chirality derived from three-dimensional helical structure. Nematic phase (non-chiral LC) is transformed into cholesteric LC with addition of a small amount of chiral compounds (referred to as chiral dopants or chiral inducers). Therefore, there are two methods for the preparation of cholesteric LC: 1) synthesis of chiral LC; and 2) the addition of a chiral inducer to nematic LC.
In this research, cholesterol pelargonate (Ch*-PEL, 
Experiment

General procedure of electrochemical polymerization in liquid crystals
Electrochemical polymerization is an effective method of preparing -conjugated polymers. The electroactive polymers have been studied for application in electrochromic devices with transparent electrodes.
19-21
Electrochemical polymerization in the LC electrolyte solution creates a polymer with LC order, with a characteristic Schlieren texture and fingerprint structure, very similar to that of liquid crystals. 22 In this study, electrochemical polymerization of the monomers in LC electrolyte solution was sequentially carried out for obtaining a multi-layer structure. Note that polymers thus obtained show clear fingerprint texture. The optical structure is very similar to that of the LC electrolyte solution used for the electrochemical polymerization. Molecular structures of the compounds employed in this study are summarized in Table 1 . After drying the cell, the sandwich cell was re-assembled. Then nematic electrolyte solution containing BT as a monomer was injected into the cell by the capillary method.
The polymerization cell was heated to ca. 60 C and then gradually cooled to 20 C to obtain the Schlieren texture of the nematic phase. Subsequently, constant voltage (4 V)
was applied across the cell. After 30 min, the polymerization cell was disassembled, and the resultant film was washed with THF and acetone and THF.
Next, the sandwich cell was reassembled (the cholesteric-nematic film on the ITO as the anode side). The cell containing the cholesteric LC electrolyte solution with BT was heated and gradually cooled to obtain the fingerprint texture. Then, 4 V was applied across the cell. After 30 min, the cell was disassembled, and the polymer film was Thus, the purification process by washing after polymerization can not remove the TBAP (in the form of ions) from the polymer.
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Results and discussion
Optical structure POM images of the top layer (cholesteric order), middle layer (nematic order), and bottom layer are shown in Fig. 3(a) . The top layer shows a fingerprint texture consisting of a wire-screen-like structure, as shown in Fig. 3(a, left) . The middle layer displays The surface profile of the triple-layer system was confirmed with a non-contact scanning white-light interferometer, indicating that the film consists of three layers (each layer thickness ~10 nm). Fig. 9(a) shows the structural color of this polymer (reduced state) under obliquely incident white light. The film shows turquoise blue reflection color due to selective reflection of light. On the other hand, the natural appearance and transmission color (shadow, Fig. 9(a) ) is red. This character is comparable to that of Morpho butterflies, which show blue structural color and brown transmission color.
The change in surface structural color of the present polymer during redox cycling is displayed in Fig. 9(bg) . The natural color of the polymer changes from red to blue ( Fig. 9(b-d) ) with the oxidation process, while the structural color changes from turquoise-blue to ocher under oblique white light ( Fig. 9(eg) ). In this case, the white light irradiates the top region of the sample. Therefore, the lower region of the sample in Fig. 9 (e) shows natural appearance (red). This result suggests that the structural color derived from multi-layer interference can be tuned by the redox process based on an electrochemical doping-dedoping mechanism. Refraction and reflection indices can be changed by the redox process accompanied by change in the electronic structure of the polymer with the electrochemical redox cycle. These changes in physical properties produce change in total interference reflection color for the multi-layer polymer. This result implies that the present study presents an approach for production of tunable artificial color similar to Morpho butterflies based on a multi-layer system of organic semiconductor with liquid crystal order. The multi-layer polymer shows turquoise-blue structural color via interference and selective reflection of light in obliquely incident white light. The artificial laminated -conjugated polymer film with LC order thus synthesized further shows redox-driven change in chiroptical activities and tunable structural color. This method may be referred to as structure organizing polymerization.
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Techniques
All monomer syntheses were performed under argon atmosphere using Schlenk/vacuum line techniques. Optical absorption spectra were obtained using a UV-Vis spectrophotometer (Hitachi U-2000 and Jasco V-600). Circular dichroism (CD) and optical rotation dispersion (ORD) measurements were performed using a Jasco J-720 spectrometer with an ORDE-307W ORD unit. Electrochemical measurements of polymers were conducted using an electrochemical analyzer (Autolab III, Autolab, the Netherlands), and optical textures were observed using a high-resolution polarized n-Hexyl-cyanobiphenyl (6CB) 0.5 g, tetra-n-butyl ammonium perchlorate (TBAP) 2 mg, cholesteryl pelargonate (Ch*-PEL) 100 mg, bithiophene (BT) 40 mg. Helical pitch of the cholesteric LC-containing monomer is 4.9 m, confirmed by the Cano-wedge method. 28 Here, the formula P = 2atan is employed for obtaining the helical pitch (P).
The parameters a, and  are length of Cano-line in the cell, degree of the Cano-wedge, respectively. Therefore, the CD shows negative signals (right-handed polarized direction), as a result of gain loss of R-CPL due to reflection at low voltage (dedoped state). The gain loss due to reflection and absorption result in the CD signals. In the doped state, helicity of the cholesteric ordered layer is changed, and R-CPL can be reflected from the polymer. This may not be perfect for the PBT(Ch*-N-Ch*) having fingerprint pattern (homogeneous structure, helical axis is parallel to the layer) because this process is effective for Grandjean cholesteric LC alignment (planar structure, helical axis is perpendicular direction to the substrate).
The multilayer polymer thus prepared in this study can reflect R-CPL, and L-CPL passes through the film. Simultaneously, optical absorption is carried out. Optical 
